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ABSTRACT
We report on the discovery of two galaxy clusters, SPT-CL J2332-5358 and SPT-CL J2342-5411, in X-rays. These clusters were also
independently detected through their Sunyaev-Zel’dovich effect by the South Pole Telescope, and confirmed in the optical band by the
Blanco Cosmology Survey. They are thus the first clusters detected under survey conditions by all major cluster search approaches.
The X-ray detection is made within the frame of the XMM-BCS cluster survey utilizing a novel XMM-Newton mosaic mode of
observations. The present study makes the first scientific use of this operation mode. We estimate the X-ray spectroscopic temperature
of SPT-CL J2332-5358 (at redshift z=0.32) to T = 9.3+3.3
−1.9 keV, implying a high mass, M500 = 8.8 ± 3.8 × 1014 M⊙. For SPT-CL
J2342-5411, at z=1.08, the available X-ray data doesn’t allow us to directly estimate the temperature with good confidence. However,
using our measured luminosity and scaling relations we estimate that T= 4.5 ± 1.3 keV and M500 = 1.9 ± 0.8 × 1014 M⊙. We find a
good agreement between the X-ray masses and those estimated from the Sunyaev-Zel’dovich effect.
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1. Introduction
Almost 40 years after the theoretical prediction of the Sunyaev-
Zel’dovich effect (SZE, Sunyaev & Zeldovich 1972), i.e. the dis-
tortion of the cosmic microwave background spectrum by the hot
gas in clusters of galaxies, we have entered a new era where the
first clusters have now been discovered by large area SZE sur-
veys (Staniszewski et al. 2009). Two ambitious SZE cluster sur-
veys are currently underway: by the South Pole Telescope (SPT)
and by the Atacama Cosmology Telescope (ACT). Recently,
the SPT released a catalog of 21 SZE selected galaxy clusters
identified in the first ∼ 200 deg2 of sky surveyed by the SPT
(Vanderlinde et al. 2010, hereafter V10). Both SPT and ACT
have additionally carried out observations of known clusters
(Plagge et al. 2009; Hincks et al. 2009).
The SZE provides new prospects for precision cluster cos-
mology for two main reasons: (1) the SZE decrement character-
ized by the Comptonization parameter Y is currently considered
as a robust, low-scatter proxy for cluster mass (e.g. da Silva et al.
2004; Motl et al. 2005) and (2) the SZE is not subject to the cos-
mological surface brightness dimming effect, resulting in a se-
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lection function closely corresponding to a selection with a fixed
mass limit at all redshifts.
However, to be able to fully harvest the potential of the up-
coming comprehensive multi-wavelength surveys, we need to
have (1) a good understanding of the cluster selection function,
(2) cluster redshift measurements and (3) a well calibrated link
between cluster observables and total cluster masses.
In order to address these issues and to best understand the
results of the different survey techniques, we are conducting a
coordinated multi-wavelength survey in a test region (which will
be covered by both SZE-surveys) in the optical by the Blanco
Cosmology Survey (BCS, 100 deg2), in the mid-infrared with
SPITZER (14 deg2) and in X-rays with XMM-Newton.
Here we present the X-ray detections of two clusters,
SPT-CL J2332-5358 and SPT-CL J2342-5411. These clusters
were independently detected by SPT (V10) and confirmed to
be coincident with overdensities of red galaxies (High et al.
2010). In addition, SPT-CL J2332-5358 has been recently de-
tected in the optical (SCSO J233227-535827, Menanteau et al.
2010). This source is also coincident with the X-ray source
1RXS J233145.2-534616 in the ROSAT faint source catalogue
(Voges et al. 2000), but couldn’t be identified as an extended
source. The present XMM-Newton observations enable us to con-
firm both objects as X-ray luminous clusters of galaxies.
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SPT-CL J2342-5411
2 arcmin
Fig. 1. Left: Mosaic mode XMM-Newton image of the whole 14 deg2 survey field. The RGB false color image was constructed from
surface brightness images in the 0.3 − 0.5, 0.5 − 2.0 and 2.0 − 4.5 keV bands. Regions A, B and C mark the three mosaic mode
observations, region F the deeper core of the survey consisting of 42 individual pointings. The green circles mark the positions of
SPT-CL J2332-5358 and SPT-CL J2342-5411 with a radius equal to rplat (Sec. 2.2) in both images. Right: 0.5 − 2.0 keV images
of SPT-CL J2332-5358 (top) and SPT-CL J2342-5411 (bottom) with overlaid SZE signal-to-noise contours from the SPT survey
(V10).
Throughout the article, we adopt a ΛCDM cosmology with
(ΩΛ,ΩM, H0) = (0.7, 0.3, 70 km s−1 Mpc−1).
2. XMM-Newton data reduction
SPT-CL J2332-5358 and SPT-CL J2342-5411 were discovered
as high significance extended sources in XMM-Newton obser-
vations carried out in the framework of the XMM-BCS cluster
survey ( ˇSuhada et al., in prep.).
The X-ray survey currently extends over 14 deg2 (Fig. 1).
The core of the XMM-Newton field consists of a deeper region
covering 6 deg2 with 42 partially overlapping ∼ 12 ks long indi-
vidual pointings and three large scale (∼ 2.7 deg2 each) mosaic
mode observations. Each of the three mosaics consists of 19 sta-
ble pointings (3.5 ks exposures) and the slews between them,
with a total time ∼ 90 ks per mosaic.
The mosaic mode extension of the X-ray survey was de-
signed to match in extent the existing SPITZER coverage (i.e.
∼ 14 deg2), while requiring only shallow depth sufficient to
roughly match the SPT sensitivity determined tentatively after
the start of its operations.
2.1. XMM-Newton mosaic mode observations
The mosaic mode observation is a new observation mode of
XMM-Newton and this is the first instance of its scientific use.
Mosaic mode observations were designed to significantly in-
crease the efficiency of observations covering areas larger than
the field of view of the telescope. Before the implementation of
this mode such observations could only be achieved by consecu-
tive independent single pointings. Each of these individual point-
ings then required its own instrumental overhead, which particu-
larly for the case of the EPIC pn camera can be a significant part
of the total observing time, especially if the required exposure
times for the pointings themselves are low.
The mosaic mode observation starts as a standard observa-
tion with operational overhead (telescope pointing and guide star
acquisition) followed by instrumental overhead, when a charge
zero level (i.e. offset table) is calculated for the pn camera, which
amounts typically to 3 − 4 ks (MOS cameras are operated with
fixed offset tables and their setup is negligible). After the setups
are finished, the observation itself starts. In our mosaics, each
stable pointing has an exposure of 3.5 ks, followed by a slew to
the next field offset by ∼ 23′. Science data is collected also dur-
ing the slew and at variance with the standard operating mode
the observation is not interrupted by a new instrumental setup
sequence, but the same offset table is used during the whole mo-
saic.
Without the mosaic mode, surveys of this kind would prac-
tically be unfeasible, with observing efficiency (i.e. the ratio of
integration time to total time) around only 50%, compared to
& 80% efficiency achieved with the present setup. More infor-
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mation on the mosaic mode observations can be found in the
XMM-Newton User Handbook1 .
2.2. X-ray data analysis
Both SPT-CL J2342-5411 and SPT-CL J2332-5358 were de-
tected in the mosaic observations carried out in December
2009 (mosaic A, OBSID: 0604870301 and mosaic B, OBSID:
0604873401 respectively). We defer a more detailed description
of the survey data reduction to a forthcoming publication of the
X-ray cluster catalog. Here we summarize the main steps and
highlight the differences of treating mosaic eventlists with re-
spect to standard observations.
The EPIC data is processed with the current XMM-Newton
Standard Analysis System (SAS) version 9.0.0. We calibrate the
raw observational data files in a standard way. Events in bad pix-
els, bad columns and close to the chip gaps are excluded from
further analysis. The eventlists were screened for high back-
ground periods caused by soft proton flares following the two
step cleaning method of Pratt & Arnaud (2003), but setting a 3σ
limit in both energy bands.
The clean exposure times are 71.9/72.6 ks for pn, and
85.0/88.7 ks for the MOS cameras for the entire mosaic A/B
respectively. The beginning of the mosaic sequence B in the pn
camera was strongly affected by soft proton flaring, therefore the
effective exposure at the SPT-CL J2332-5358 location is only 0.1
ks in pn, while it is 3.1 ks in each MOS camera. The source in
addition lies partially on the missing MOS1 CCD#6 yielding a
total combined MOS effective exposure of only∼ 4 ks. Local ex-
posure times for SPT-CL J2342-5411 are ∼ 2.8 ks in pn, ∼ 2.1 ks
in MOS1 and ∼ 2.3 ks in MOS2.
As the main source detection algorithm we utilize the slid-
ing box technique and a maximum likelihood source fitting
in their current, improved implementation in the SAS tasks
eboxdetect and emldetect.
Mosaic data of this extent is too large to fit into the mem-
ory storage during the detection process. Therefore we segment
the mosaic into several overlapping parts, which can be handled
by the SAS tasks. Segmenting the mosaic into sky-chunks for
source detection is preferable to splitting it into individual stable
pointings, because we also want to include counts gathered dur-
ing the slews between the pointings, as well as utilize the greater
depth in the regions where two neighbouring pointings overlap.
The mosaic segments have a typical size of ∼ 1 deg2 and
overlap by & 2′ along all borders. This way the input images,
exposure and background maps can be accommodated by the
ebox- and emldetect tasks ran with increased memory buffer
(imagebuffersize=2000 flag).
In order to get a reliable measurement of the flux and
trace the emission of the clusters as far out as possible, we
implemented a refined version of the growth curve method
(Bo¨hringer et al. 2000, ˇSuhada et al., in prep.). The cumulative
source flux as a function of radius (i.e. the growth curves) for the
two systems are displayed in Fig. A.1 and Fig. A.2 (in the online
Appendix). The total source flux is determined iteratively by fit-
ting a line to the flat part of the background subtracted growth
curve. We define the plateau radius (rplat) as the aperture where
the growth curve reaches the total flux.
For SPT-CL J2332-5358, we detect source emission out to
rplat = 196′′, with total source flux of Fplat(0.5−2.0 keV) = 9.38±
0.50 × 10−13 erg s−1 cm−2, corresponding to a total luminosity
1 xmm.esac.esa.int/external/xmm user support
/documentation/uhb/XMM UHB.pdf
Lplat(0.5 − 2.0 keV) = 2.67 ± 0.14 × 1044 erg s−1. Errors
of the flux and luminosity include the Poisson errors and a 5%
systematic error in the background estimation.
The X-ray morphology of this cluter exhibits a good agree-
ment with the SZE signal on the largest scales (Fig. 1) and its
peak is close to the position of the brightest cluster galaxy (BCG,
Fig. A.5). We detect a significant X-ray extension up to ∼ 1.5′
SE from the BCG. Detailed characterization of the galaxy distri-
bution and the correlation between X-ray and optical morphol-
ogy will be addressed in a forthcoming paper.
In the case of SPT-CL J2342-5411, we find rplat = 62′′,
Fplat(0.5−2.0 keV) = 5.74±0.58×10−14 erg s−1 cm−2 and a total
luminosity Lplat(0.5 − 2.0 keV) = 2.84 ± 0.3 × 1044 erg s−1
(Fig. A.2).
2.2.1. X-ray spectroscopy
The available survey data2, although modest in exposure, allow
us to get a first temperature estimate for SPT-CL J2332-5358.
In order to determine a suitable aperture for spectro-
scopic measurements, we create a wavelet reconstruction
(Vikhlinin et al. 1998) of the combined 0.5-2.0 keV band image.
We find that a circular aperture with 70” radius well encloses the
region where the cluster emission is registered at ≥ 5σ signifi-
cance.
A background spectrum is extracted from an annulus con-
centric with the source and spanning the radial distance from
200′′ to 400′′. The inner radius is selected based on the growth
curve analysis as the radius where cluster emission is no longer
observable (Fig. A.1). The outer radius is constrained by the field
of view. We excise all detected point sources from each extracted
spectrum after a visual check.
We fit the spectrum with a single temperature MEKAL
model, fixing the column density to the galactic value nH =
1.62 × 1020 cm−2 (Dickey & Lockman 1990), metal abundance
to Z=0.3 Z⊙ and redshift to z=0.32 (photometric, High et al.
2010). To avoid biases stemming from analysing low-count
spectra, we use a minimally binned spectrum (≥ 1 cts/bin) and
C-statistics.
The fitted temperature is T = 9.3+3.3
−1.9 keV (1σ errors) for thejoint fit from all three cameras (Fig. A.3). In order to check for
possible systematics in the background subtraction, we also fit
the spectrum using background spectra extracted from a com-
pletely independent circular region (on different chips than the
source but roughly at the same off-axis angle). The test back-
ground gives a consistent result, T = 9.4+3.5
−1.9 keV.
Based on our temperature measurement we estimate several
important physical parameters (Tab. 1), including mass in r500
and r200 apertures from the M−T scaling relation, assuming self-
similar evolution. For parameters obtained from scaling relations
we include the measurement errors of the luminosity and tem-
perature and the intrinsic scatter of the scaling relations. We use
a beta model to extrapolate the observed flux and luminosity out
to r500 (since the estimated r500 value is larger than the measured
rplat). This extrapolation is negligible (∼ 1.5%).
The available photon statistics for SPT-CL J2342-5411 is
much lower and allows us to carry out only a tentative anal-
ysis. Following the previously described procedure, we extract
2 Due to current limitations of the backscale task, used to calculate
the area scaling factors of the spectra, we omit the slew part of the sur-
vey for spectroscopical purposes and filter out from the mosaic eventlist
only events detected during the relevant stable pointing period (the slew
part would contribute only few tens of counts in this case).
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Table 1. Basic X-ray parameters of SPT-CL J2332-5358 and SPT-CL J2342-5411. Flux and luminosity errors include the Poisson
errors and a 5% systematic error in the background estimation. Errors of parameters obtained from scaling relations include the
measurement errors of the luminosity and temperature, respectively, and the intrinsic scatter of the scaling relations. We assume self
similar evolution for all the scaling relations and no evolution of their intrinsic scatters (see Sec. 2.2.1).
parameter SPT-CL J2332-5358 SPT-CL J2342-5411 units
α (J2000)a 23h 32m 26.7s 23h 42m 45.8s
δ (J2000)a −53◦ 58′ 20.4′′ −54◦ 10′ 59.2′′
photometric redshift 0.32b 1.08b
F500 [0.5 − 2.0 keV] 9.52 ± 0.51 0.58 ± 0.06 10−13 erg cm−2 s−1
L500 [0.5 − 2.0 keV] 2.71 ± 0.15 2.86 ± 0.29 1044 erg s−1
T500 9.3 ± 2.6c 4.5 ± 1.3 f keV
r500 1.3 ± 0.2d 0.6 ± 0.1d Mpc
M500 8.8 ± 3.8d 1.9 ± 0.8d 1014 M⊙
YX,500 11.6 ± 9.7e 1.1 ± 0.7g 1014 M⊙ keV
r200 2.0 ± 0.3d 0.9 ± 0.1d Mpc
M200 12.4 ± 5.4d 2.7 ± 1.2d 1014 M⊙
a X-ray coordinates based on a maximum likelihood fit of a PSF folded beta model to the surface brightness distribution; b High et al. (2010);
c Spectroscopic temperature (Sec. 2.2.1), error bars averaged, assuming isothermality; d M−T relation from Arnaud et al. (2005), using relations for
T > 3.5 keV, self-similar evolution, radii calculated analytically from the mass estimates; e M500−YX relation (Arnaud et al. 2007). f L−T relation
from Pratt et al. (2009), self-similar evolution, relation for the 0.5−2 keV luminosity, BCES orthogonal fit. g L−YX relation from Pratt et al. (2009),
self-similar evolution, relation for the 0.5 − 2 keV luminosity, BCES orthogonal fit. YX , the X-ray analogue to the Comptonization parameter Y,
is the product of the gas mass and temperature (e.g. Kravtsov et al. 2006);
the source spectrum from a 45′′ region and background spec-
trum from a concentric annulus with 100′′ inner and 200′′
outer radius. Fixing the column density to the galactic value
nH = 1.86 × 1020 cm−2, metal abundance to Z=0.3 Z⊙ and
redshift to z=1.08 (photometric, High et al. 2010), we find that
the spectrum is consistent with a single temperature MEKAL
model (Fig. A.4). The temperature is only weakly constrained,
T = 6.7+5.2
−2.4 keV, and therefore we opt for the use of luminosity
based scaling relations (L−T and L−YX) to estimate the physical
parameters of the system (Tab. 1). The evolution of the scaling
relations and their intrinsic scatter is currently not firmly estab-
lished out to z 1. We assume self-similar evolution of the scaling
relations and no evolution of their intrinsic scatters. The error
from these assumptions for SPT-CL J2342-5411 is expected to
be smaller than the quoted measurement errors.
3. Discussion and conclusions
We have presented first results from the XMM-BCS cluster sur-
vey, providing X-ray detections of two SZE selected systems,
SPT-CL J2332-5358 and SPT-CL J2342-5411. The X-ray anal-
ysis is based on mosaic mode XMM-Newton observations - the
first time observations of this kind have been carried out.
SPT-CL J2332-5358 ranks among the hottest known clus-
ters (T = 9.3 keV) and is exceptionally massive (M200 & 1 ×
1015 M⊙). V10 reports a SZE inferred mass from SPT of M500 =
5.20 ± 0.86 ± 0.83 × 1014 M⊙, where the error bars represent the
statistical and systematic uncertainties, both at 68% confidence.
However, they note that this mass is biased low by the presence
of a bright dusty point source identified in the 220 GHz SPT
data. Preliminary analysis indicates that this point source de-
creases the SZE mass estimate by a factor of ∼1.5. This would
imply a corrected SZE mass estimate of M500 = 7.8 ± 1.3 ± 1.3 ×
1014 M⊙, in good agreement with our X-ray estimate. This is an
initial study of the system SPT-CL J2332-5358. Other aspects
of the system are being investigated in forthcoming papers: 1)
using a deeper XMM observation, Andersson et al. (in prep.),
do a more detailed comparison of the X-ray and SZ properties
of this cluster, 2) characterization of the galaxy population and
morphology study will be addressed in Song et al. (in prep.).
SPT-CL J2342-5411 belongs to the one of the most distant
known clusters (z=1.08) with X-ray and SZE detections. The
discovery of such a distant system in both SZE and X-ray sur-
veys demonstrates the great potential of the two observational
approaches for cosmological and cluster evolution studies. The
estimated mass for this system, M500 = 1.9 ± 0.8 × 1014 M⊙,
is consistent with the SZE mass M500 = 2.66 ± 0.50 ± 0.37 ×
1014 M⊙ (V10).
SPT-CL J2332-5358 and SPT-CL J2342-5411 are the first
galaxy clusters discovered independently in X-ray, SZE and op-
tical surveys. These clusters showcase the promise of multi-
wavelength cluster surveys and give a glimpse of the possible
synergies of current and future large-scale survey experiments,
including SPT, Planck, eRosita, and the Dark Energy Survey.
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Fig. A.1. The growth curve of SPT-CL J2332-5358: red curve
shows the integrated flux as a function of outer integration radius
for the MOS2 camera in the 0.5−2.0 keV band. Error bars on the
growth curve indicate the Poisson error of the flux measurement
including a 5% systematic error in the background estimation.
Source flux is detected out to 196′′ (rplat, dashed line). The total
measured flux in this aperture and band is Fplat = 9.4±0.5×10−13
erg s−1 cm−2 (horizontal dot-dashed level). Since the estimated
r500 value (281′′) is larger than the measured rplat, we use a beta
model to extrapolate the observed flux and luminosity out to r500.
The needed extrapolation is however negligible (∼ 1.5%). We
omit the use of the pn camera for the growth curve analysis be-
cause of the significant losses due to flaring and the use of the
MOS1 camera because of the missing data on the lost MOS1
CCD#6.
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Fig. A.2. The growth curve of SPT-CL J2342-5411: red curve
shows the integrated flux as a function of outer integration ra-
dius for the joint MOS1 and MOS2 cameras (0.5 − 2.0 keV
band), blue curve for the pn camera. Error bars on the growth
curve indicate the Poisson error of the flux measurement includ-
ing a 5% systematic error in the background estimation. Source
flux is detected out to rplat = 62′′ (dashed line). The total mea-
sured flux, estimated as the weighted average of the MOS and
pn plateau fluxes, is Fplat = 5.7 ± 0.6 × 10−14 erg s−1 cm−2 (dot-
dashed level). Since the estimated r500 value (71′′, solid line) is
larger than the measured rplat, we used a beta model to extrap-
olate the observed flux and luminosity out to r500. The needed
extrapolation is negligible (∼ 0.8%).
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Fig. A.3. XMM-Newton X-ray spectrum of SPT-CL J2332-5358
fitted with a single temperature MEKAL model which gives T
= 9.3+3.3
−1.9 keV. The column density is fixed to the galactic value
nH = 1.62 × 1020 cm−2 (Dickey & Lockman 1990), the metal
abundance to Z = 0.3 Z⊙ and the redshift to z = 0.32 (photo-
metric). The spectra were binned only for display purposes, the
fit was carried out with ≥ 1 cts/bin binning and C-statistic. Red:
MOS1, black: MOS2, green: pn. See Sec. 2.2.1 for details.
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Fig. A.4. XMM-Newton X-ray spectrum of SPT-CL J2342-5411.
The available low count spectrum (displayed for completeness)
allows us to draw only tentative conclusions. The spectrum is
consistent with a single temperature MEKAL model, with tem-
perature only weak constrained to T = 6.7+5.2
−2.4 keV. The column
density is fixed to the galactic value nH = 1.86 × 1020 cm−2
(Dickey & Lockman 1990), the metal abundance to Z = 0.3 Z⊙
and the redshift to z = 1.08 (photometric). The spectra were
binned only for display purposes, the fit was carried out with
≥ 1 cts/bin binning and C-statistic. Red: MOS1, black: MOS2,
green: pn. See Sec. 2.2.1 for details.
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SPT-CL J2332-5358
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Fig. A.5. Left: Color image of SPT-CL J2332-5358. Right: Color image of SPT-CL J2342-5411. Both images were obtained from
the Blanco Cosmology Survey imaging in the gri bands. X-ray contours are overlaid in white. Green circles show the estimated rplat
(see Sec. 2.2). Both clusters have a large BCG (brightest cluster galaxy) within few arcseconds (. 10′′) from the X-ray emission
peak.
